The properties of silica clusters at temperatures from 1500 to 2800 K are investigated using classical molecular dynamics simulations for particles containing up to 1152 atoms. We found that atoms in the cluster were arranged in a shell-like structure at low temperatures, and that the radial density profile peaked near the outer edge of the particle. Smaller clusters have much higher pressures, with the magnitudes corresponding quite well to those obtained from the Laplace-Young equation, when evaluated in a self-consistent manner using our derived surface tension. Our computed surface tension did not show any significant size-dependent behavior in contrast to the decreasing surface tension observed for Lennard-Jones liquid clusters. Finally our computed diffusion coefficients in the liquid state are seen to be larger than bulk computed diffusivities. A discussion regarding the relevance of these computations on the growth of silica nanoparticles is presented.
I. INTRODUCTION
One of the most import methods of synthesizing nanoparticles is through vapor phase nucleation and growth. Several methods are used, including combustion, plasmas, thermal reactors, and evaporation-condensation. [1] [2] [3] The evolution of an aerosol undergoing a gas-to-particle growth process is described by a master equation, the ''aerosol general dynamic equation'' ͑GDE͒. 4 The GDE is a population balance equation for the behavior in time and space of the particle size distribution function, which can include all the driving forces for particle growth ͑nucleation, surface growth, coagulation/ coalescence, transport, etc.͒. Less conventionally, but of interest for nanoparticle synthesis research, the GDE can be extended to track the degree of coalescence of particle aggregates. 5 One of the biggest challenges in the implementation of the GDE is knowledge of the rates of these individual processes. For nanoparticle synthesis, one of the most fundamental and important kinetic properties of interest in nanoparticle growth is the sintering or coalescence rate between particles during vapor-phase growth. A knowledge of these rates and their dependence on process parameters ultimately impacts the ability to control primary particle and agglomerate growth, which are of critical importance to nanoscale particles whose properties depend strongly on size, morphology, and crystal structure. 6 Previous experimental and theoretical studies of sintering in flame reactors demonstrated good agreement for the case of titania particle growth, [7] [8] [9] based on a characteristic coalescence time obtained from a solid-state diffusion model, in which the characteristic time is written as f ϭ3k B Tv p /64Dv 0 , ͑1͒
where T is the gas temperature, v p is the particle volume, D is the diffusion coefficient usually reported as an Arrhenious function of the temperature, 10 is the surface tension, and v 0 is the molecular volume for diffusion. In the case of silicon dioxide ͑silica͒, however, the primary particle size is typically underpredicted based on a viscous flow coalescence time written as
where is the viscosity, 11 and R p is the radius of the particle. Ehrman et al. 7 discussed the possible causes of the enhanced rate of silica particle sintering observed in an experiment, including the presence of impurities such as alkali metals which could result in a lower viscosity of silica. On the other hand, in theoretical considerations kinetic coefficients such as the diffusion coefficient and the viscosity, as well as the surface tension, were taken from the properties of bulk material. However, we know that what makes the nanoparticles so interesting is that their fundamental properties are intimately related to the physical size of the component. 6, 12 For an example, a 10-nm-diameter iron particle has almost 20% of its atoms on the surface. 13 This high fraction of surface atoms alters properties such as the melting point and presumably the surface tension 14 and accounts for the high reactivity of nanoparticles both toward each other and also toward other materials and gases.
One of the interesting aspects of nanoparticles properties we investigate in this paper is the variation of the internal pressure with particle size, as discussed in Ref. 15 . Laplace's equation
tells us that the pressure difference between a particle and the surrounding environment ⌬ P goes as the surface tension , divided by the particle radius. This implies that as the particle becomes smaller, the pressure will approach infinity as the radius becomes vanishingly small. Of course, this assumes that the surface tension is size independent, but in fact, at some point, the surface tension will tend toward zero. Nevertheless, we should expect that the pressure of a particle can be many hundreds of atmospheres, and may impact the chemical, phase and crystalline structure of particles. For an example, the pressure inside a 10-nm-diameter TiO 2 particle ͓ϭ0.5 J/m 2 ͑Ref. 16͔͒ is on the order of 2000 atmospheres. Such elevated pressures may have a significant impact on properties such as diffusion coefficients 17 and the viscosity, which in turn affect the rates of particle sintering. 10, 11 Given these constraints, data obtained at large grain sizes when extrapolated to smaller dimensions may lead to considerable errors. Experimental studies are certainly desirable for investigating these characteristics; however, experiments aimed at determining the fundamental transport and thermodynamic properties of fine aerosols are not easily obtained, because of the ensemble nature of most studies.
In this paper we study the nanoscale silica clusters of different sizes (Nϭ72, 288, 576, and 1152͒ and at different temperatures ͑1500-2800 K͒, using a classical moleculardynamics ͑MD͒ simulation to determine the structural properties, internal pressure, diffusion coefficients, and surface tension. We are particularly interested in the particle size dependence of these properties, and its influence on coalescence/sintering modeling.
II. MODEL SYSTEM
The clusters consist of N classical atoms which interact through a pair model potential developed by Tsuneyuki et al., 18 which takes into account the steric repulsion due to atomic sizes, screened Coulomb interaction from charge transfer, charge-dipole interactions due to the large electronic polarizability of the anions, and dipole-dipole interactions to mimic the short-and intermediate-order interaction. The interaction potential has an analytical form of the BornHuggins-Mayer type V i j ϭq i q j /r i j ϩa i j exp(Ϫb ij r ij )Ϫc ij /r ij 6 , where q i is the charge of the i-type atom, r i j is the interatomic distance, and a i j , b i j , and c i j are the parameters taken from Ref. 18 . For higher temperature the potential was modified in Ref. 19 by adding a Lennard-Jones term, in order to avoid the occasional overriding of the O-O repulsion barrier at a shorter interatomic distance at a higher temperature. The modified interatomic interaction is referred to as the TTAMm potential with the form V i j *ϭV i j ϩ4⑀ i j ͓( i j /r i j ) 18 Ϫ( i j /r i j ) 6 ͔, where ⑀ i j and i j are the usual Lennard-Jones parameters specified in. 19 The equations of motion for each atom was solved using the standard velocity version of the Verlet algorithm. 20, 21 In our calculations we constructed a silica cluster with an appropriate number of atoms, and placed it in the center of a spherical cavity of radius R*, which comprised the calculational cell. The center of the calculation cell (rϭ0) coincides with the center of mass of the cluster. The radius of the cell was kept at 2 nm for all clusters. In order to conserve mass at higher temperatures, we force any cluster fragment which escapes the cluster due to evaporation, and reaches the boundary of the cell, to be elastically reflected. All clusters were initially heated to a high temperature liquid state at T ϭ4000 K. Several clusters were then prepared at a variety of temperatures between 1500 and 2800 K by slow numerical cooling. Clusters were allowed to anneal for 35 000 time steps ͑with a time step ␦tϭ1 -4 fs), followed by a test at constant energy to evaluate if the system had reached an equilibrium state. Production runs for cluster properties were performed at a fixed temperature, and typically required about 1.5ϫ10 5 time steps to obtain a reasonable statistical averaging of cluster characteristics. In order to verify the equilibration procedure for each prepared cluster, we gradually decreased the temperature from 4000 to 1500 K, followed by a reversal of this procedure to the desired target temperature. A comparison of cluster properties such as the radial density distribution, obtained by cooling and then reverse heating, shows good agreement.
The total angular momentum of cluster motion is always reset to zero by the transformation of velocities in order to evaluate transport properties such as diffusion coefficients. We did not analyze the cluster behavior at higher temperatures TϾ3000 K, where a significant dissociation of fragments takes place during the time interval of the calculation (tϷ0.15 ns). This is because this interatomic potential cannot realistically describe the vaporization processes of silica. 22 For instance, in our calculations we observe the vaporization of SiO 2 molecules, while it is well known 23 that silica vaporizes by decomposition to SiO and O 2 .
III. RESULTS

A. Particle density
At lower temperature Tϭ1500 K in a solid ''glass'' state, all clusters exhibit an oscillating density distribution. With increasing temperature there seems to be a tendency to dampen out the radial density gradient, though some peaks still remain. The radial dependence of the mass densities of different-sized clusters is shown in Fig. 1 at a temperature Tϭ2080 K. Note that the interpeak space is about the mean Si-Si interatom distance which is 0.3175 nm.
To explore the effect of density, in Fig. 2 we show the radial mass density distribution for a 576-atom cluster at three temperatures. It is clear that the radius of the SiO 2 nanoparticles and, consequently, the averaged density, are effectively insensitive to temperature over quite a large temperature range ͑1500-2800 K͒. This is in accordance with the fact that bulk silica has an extremely low thermal expansion coefficient. 24 Over this temperature interval a cluster with Nϭ288 atoms has a radius Rϭ0.92 nm and an average density of ϭ3.2 g/cm 3 . The 576-atom cluster has a radius Rϭ1.16 nm and a density ϭ2.9 g/cm 3 and the cluster of Nϭ1152 atoms has Rϭ1.5 nm and ϭ2.8 g/cm 3 . The radius of a cluster is defined as the distance where the density drops to 0.5 of its interior value. Note that smaller clusters have a higher density, but the values are in close agreement with that calculated for bulk silica in the coesite phase, with a density of 2.9 g/cm 3 .
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The density profiles presented in Figs. 1 and 2 show that near the surface the clusters have a maximum in the density, just before the rapid decrease at the cluster edge. A similar behavior was observed by Roder el al. 26 using a BKS interaction potential. 27 They obtained a density of 2.3 g/cm 3 . This implies that clusters of different sizes have similar shell structures. Moreover, the cluster surface has the same structure and width regardless of size. The rapid density decrease extends over a distance which is more than a Si-O bond length equal to 0.162 nm. A careful temporal observation makes it clearer that the cluster can be separated into ''core'' and surface components. On the surface both silicon and oxygen have dangling bonds, with the oxygen atom tending toward the surface ͑see the inset in Fig. 1͒ . These fragments residing on the surface tend to be highly mobile, so that when averages of the density are taken we see a smooth monotonic decrease in the density profile at the edge of the cluster corresponding to about 0.2-0.3 nm. In general, then, we observe an enhanced density for smaller clusters, small thermal expansion, and an oscillating density profile.
B. Structure
In order to obtain further insight into this oscillating radial density behavior, we consider the structure of the clusters more closely. Shown in Fig. 3 is a cross-section slice for two different clusters (Nϭ288 and 576 atoms͒ at Tϭ1500 K. The slice is taken through the center of a cluster of thickness 0.328 nm ͑which is slightly larger than two of nominal Si-O bond lengths͒. What is being shown are Si and O atom positions following averaging over 75 ps ͓Figs. 3͑a͒ and 3͑b͔͒ and the trajectories for O atoms recorded every 5 ps ͓Figs. 3͑c͒ and 3d͔͒. The slice map of smaller cluster looks like a network of atoms organized in rings ͓Fig. 3͑a͔͒. The larger cluster has apparently a spherically symmetric shell structure ͓Fig. 3͑b͔͒, and the external shell incorporates both O and Si atoms. The defects in the smaller cluster are denoted by atom trajectories that wander. For an instance, in Figs. 3͑a͒ and 3͑c͒ the arrow labeled by 1 shows a vacancy for a silicon atom. The arrow labeled by 2 is another example of a defect and the enhanced mobility of atoms containing dangling bonds.
The distribution of oxygen and silicon atoms as a function of radial position is presented in Fig. 4 for the cluster prepared with 576 atoms ͑192 Si atoms and 384 O atoms͒. It clearly indicates that oxygen is preferentially found on the surface layer of the cluster under all conditions. Note that the change of temperature has a pronounced effect on the internal arrangement of the particles. In particular, at T ϭ1600 K the peak in the Si concentration corresponds to a minimum in the O atom density. With increasing temperature to Tϭ1680 K, we find that a thermally induced structural transition takes place. The second Si peak ͓labeled by 1 in Figs. 4͑a͒ and 4͑b͔͒ shifts, and the second peak in O atoms distribution ͓labeled by 2 in Fig. 4͑a͔͒ disappears and indicates an altogether different shell structure. In order to understand the change in the cluster structure we analyze the angular distribution, varying the temperature. In Fig. 5 the O-Si-O and Si-O-Si angular distributions are shown for a cluster with 576 atoms. At a temperature of Tϭ1600 K, the Si-O-Si angle distribution has two maxima which are at 97.7°and 142°. The former denotes the presence of four member rings, and the latter refers to six member rings. As the temperature increases to Tϭ1680 K, the Si-O-Si angular 28 who used a three-body potential. For example, at Tϭ2500 K the O-Si-O and Si-O-Si angular distributions have maxima at 110.1°and 141°for the cluster with 576 atoms, and at 109.5°and at 142.5°, respectively, for bulk material. 28 The angular distributions are, however, much broader for the clusters compared to the bulk because of the spherical surface and shell structure. A similar broadening was observed by Roder et al. 26 We calculated the partial pair correlation functions for the O-O, Si-O, and Si-Si bonds to understand the enhanced density of smaller particles and mechanism of cluster expansion at higher temperature. It turns out that the first and second peaks of the O-O and Si-O pair correlation functions have the same positions for all clusters. In contrast to this fact the different clusters have various Si-Si pair correlation functions. One can see in Fig. 6 that the smaller cluster (N ϭ288 atoms͒ has a closer Si-Si packing than the largest one (Nϭ576 atoms͒ at Tϭ1500 K.
With increasing temperature the peaks of the O-O and Si-O pair correlation function become broader, and their positions remain independent of temperature, whereas the Si-Si pair correlation function is sensitive to the temperature. Its first peak at rϭ0.317 nm ͑0.305 nm in Ref. 28͒ does not respond to temperature, but a second peak shifts to the larger coordinate ͑see Fig. 6͒ . Thus, we can conclude that the variation of the density with the cluster size as well as the expansion of a cluster with temperature are explained by the change in the Si-Si atom packing due to the strong repulsive nature of the Si-Si interaction.
C. Melting transition behavior
For a silica cluster as well as for bulk material, the critical temperature of melting can be found by computing the potential energy as a function of temperature. The potential energy per atom E for two clusters with Nϭ288 and 576 atoms as a function of temperature is shown in Fig. 7 . The potential energy exhibits a change of derivative, denoting the melting within a range of 1670-1800 K for the 288-atom cluster and within 1760-2030 K for the 576-atom cluster, and lower than the melting temperature for the amorphous bulk material ͑1986 K͒.
The effect of particle size on the melting point for small clusters has been generically studied. Most recently for example Cleveland et al. 29 studied the melting behavior of small gold clusters. They observed a similar discontinuity in the potential energy, and showed that the melting point was suppressed as the clusters were made smaller. However, in their clusters they observed a very sharp discontinuity and therefore an abrupt melting point. However, our clusters show a much broader transition region, which we believe to be due to the amorphous character of the silica clusters relative to the crystalline gold. We have seen a similar solidliquid coexistence region in our simulation of the properties of silicon nanoclusters. 14, 30 For the cluster sizes studied, the smaller particle had a potential energy per atom that was roughly 7 kJ/mol higher than the larger cluster and was independent of temperature, implying indirectly that the surface energy is size independent. We will consider this point further when we discuss our calculation of the surface tension.
Near the melting temperature we observe that the oxygen radial distribution profile becomes flatter ͓see Fig. 4͑c͔͒ , whereas the silicon atoms still show an oscillating density gradient. With a further temperature increase, however, both the Si and O atom distributions become flat. The fact that the density distributions for both elements do not track each other is presumably associated with differences in their ability to move. We calculate the diffusion coefficient of O and Si atoms in a cluster, taking into account the finite size of the system. For an infinite crystal the diffusion coefficient D in the time limit t→ϱ can be defined as
where R n 2 is the mean-square displacement of the nth atom, and ͗ ͘ is an average over time. For a finite system such as a cluster it is necessary to separate the transport into three regime. In Fig. 8 the mean square displacement of atoms with time is shown for the smallest cluster (Nϭ72 atoms͒ and a large one (Nϭ576 atoms͒. The first stage of diffusion ͑I͒ is characterized by motion of atoms near their equilibrium sites or ''cages'' created by neighbor atoms. In the second regime ͑II͒ the atoms jump from one site to another, and the mean-square displacement increases linearly with time. In the third stage ͑III͒ we observe a saturation in the meansquare displacement of atoms because the characteristic diffusion length is of the order of the cluster size. In Fig. 8 one can see all regimes of diffusion for the smaller cluster with 72 atoms and only the first two for the 576-atom cluster. The diffusion coefficient for the cluster can be calculated from the second regime through an application of Eq. ͑4͒. Note, that for correct calculation of the diffusion coefficient we must exclude the rotation of a cluster as a whole. The computed diffusion coefficients are presented in Fig. 9 for silicon and oxygen atoms in two clusters. The diffusion coefficients are presented in an Arrhenius plot, and give an activation energy E A ϭ15 000 K for the cluster with 72 atoms and E A ϭ16100 K for the cluster with 576 atoms. This is considerably lower that that reported from MD results for bulk silica ͓E A ϭ35000 K ͑Ref. 31͔͒. The diffusion coefficient in a small cluster is higher than that for a larger cluster, as one would expect based on surface to volume ratio considerations. Moreover, it has been shown theoretically 32 and experimentally 33 that an increase of the internal pressure ͑as takes place for smaller clusters and will be discussed below͒ enhances the diffusion process in silica.
In Fig. 10 showed a non-Arrhenius behavior, which they attributed to the very high temperature they probed. A comparison of our results to those of Ref. 26 indicates that we obtain significantly higher diffusion coefficients and values that are above bulk, as expected for structures with large surface volume ratio. The diffusion coefficient of silicon atoms is about 30% lower than for oxygen atoms, and agrees with the results for bulk diffusion coefficients.
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D. Internal pressure
The internal pressure of a cluster includes a kinetic part, which is determined by the temperature, and an electrostatic contribution associated with the interactions of the atoms. To obtain the pressure within a particle we compute the IrvingKirkwood pressure tensor 34 by extension to a spherically symmetric system using the method described by Thompson et al. 35 The normal component of the pressure is given as the sum of kinetic and configurational terms P N (r)ϭ P K (r) ϩ P U (r), where the kinetic term is P K (r)ϭk B T(r) and the configurational term is given by
where Sϭ4r 2 is the area of a spherical surface of radius r and the sum over k is over the normal components f k of all the pair forces acting across the surface. 35 The normal component of the pressure is calculated by technique described in Ref. 36 . We divide our spherical calculation cell into 400 subspheres, which are equidistantly separated by 0.005 nm. We then compute the configurational term of pressure using Eq. ͑5͒ for every subsphere surface by computing the normal force component connecting every pair of atoms that reside across a subsphere boundary. The accuracy of this definition of pressure depends on the number of atoms within the subsphere and therefore quickly diminishes with decreasing radius. The configurational term of pressure P U (r) is calculated every 500 fs and is averaged over 300 sets.
We found that the internal pressure of clusters lies within a range of ͑10-30͒ Kbar, which at 1500 K corresponds to the ␤-quartz state on the phase diagram of silica. However, the density of our cluster ͑2.9-3.2 g/cm 3 ) is considerably higher than the density of ␤-quartz ͑2.5 g/cm 3 ). The radial pressure distribution for the 576-atom cluster shows the sharp peaks in the solid state at Tϭ1760 K ͓Fig. 11͑a͔͒ and more smooth profile in the liquid state at Tϭ2000 K ͓Fig. 11͑b͔͒. While the melting transition the surface pressure drops from 30 to 20 kbar ͑see the inset in Fig. 11͒ .
These sharp peaks actually arises from the oscillating radial density profile ͑see Figs. 1 and 2͒ associated with the specific shell structure of clusters. Similar calculations on Lennard-Jones clusters 35 do not show such an oscillatory behavior in either the radial density profile or the internal pressure, because they considered the liquid drops.
In Fig. 12 the smoothed distribution of pressure over radius is shown for three clusters with Nϭ288, 576, and 1152 atoms. It is seen that smaller clusters have a higher internal pressure. As was discussed in Sec. I, the internal pressure based on Laplace's equation at constant surface tension predicts a significant increase as a particle shrinks in size, which qualitatively agrees with our MD results.
E. Surface tension
We calculate the surface tension within the mechanical approach, following the algorithm described by Thompson et al. in Ref. 35 . The equation for surface tension for a drop is obtained from Refs. 37, and given by 3 ϭϪ P where P is the averaged pressure inside the cluster. The surface tension is obtained by computing the radial distribution of the normal component of the pressure tensor P N (r) following by evaluation of the integral. One can see from Eq. ͑6͒ that the pressure near the surface makes the largest contribution in the surface tension because of the largest pressure gradient. The surface tension as a function of temperature for two clusters is shown in Fig. 13 . The most interesting observation is that the surface tension does not depend on the particle size over a large interval of temperature. This is direct contrast to the work of Thompson et al. 35 on Lennard-Jones clusters. They observed a significant decrease in surface tension for very small clusters. One possible explanation is that the directional nature of the covalent bonding precludes the surface atoms from adopting configurations that are significantly different; therefore, one should not expect to see surface tensions that are significantly different until one perhaps goes to extremely small clusters. In this case our interaction potential, which is tuned for a bulklike character, will probably fail. This result has significant implications for our interest in sintering behavior, which we will discuss in Sec. IV.
One can see in Fig. 13 that a small cluster with Nϭ72 atoms and a larger cluster with Nϭ576 atoms have the same value of surface tension at Tϭ1920-2500 K. At higher temperature the smaller cluster loses its spherical shape, and the probability of dissociation of the SiO 2 fragment quickly increases. Therefore, the surface tension of the 72-atom cluster quickly decreases at TϾ2500 K. In our calculations we have obtained a surface tension which is equal to 0.67 J/m 2 , that is higher than the plane surface tension ϭ0.3 J/m 2 . We attribute this difference to the interatomic potential chosen for our calculations. The surface tension calculated on the basis of Laplace's formula ͓Eq. ͑3͔͒ is essentially larger. For instance, for the Nϭ288 atom cluster Laplace's formula overestimates the surface tension by factor of 2.3. The surface tension computed from Laplace's formula for three clusters at the Tϭ2000 K is shown in Fig. 13 .
IV. IMPLICATIONS FOR THE COALESCENCE OF SILICA NANOPARTICLES
These studies revealed that surface tension is relatively independent of particle size. Thus we can conclude that the main uncertainty when modeling nanoparticle coalescence, using Eqs. ͑1͒ and ͑2͒, comes from not knowing the diffusion coefficient and/or the viscosity coefficient as a function on particle size. Experiments ͑see Ref. 7 , for example͒ allow us to estimate the diffusion coefficient to a reasonable degree, using the method of characteristic times. 38 This method applies especially well to a monotonically cooling system, as is the case in Ref. 7 . In such a system, at high temperatures the coalescence time f is much shorter than the collision time c , i.e., the mean time between collisions. Thus the particles remain spherical. At some point, when the temperature is low enough, f becomes lower than c , which means that colliding particles do not have enough time to coalesce before a new collision. This is the onset of agglomerate formation, and approximately the point where the primary particle size is determined. The collision time can be estimated from
in which ␣ is a constant (Ϸ6.67), p the particle density, the particle volume loading, and v p the mean particle volume. For the conditions of Ref. 7, with 10-nm primary particles, the collision time at the onset of agglomerate formation is 0.3 ms. At this point, the coalescence time, given by Eq. ͑1͒, should have the same value. This enables us to calculate the diffusion coefficient: 4ϫ10 Ϫ10 cm 2 /s. The temperature in this system is about 1700 K. One can directly see from Fig. 10 that this value is somewhere between the experimental values for solid bulk silica 39, 40 and our MD simulation. At this point it is clear that there is significant discrepancy between the computed growth rate based on our MD calculation and the experiment of Ehrmann et al. 7 On the other hand, the derived diffusivity, based on the experimen- tally determined sintering rate, seems too low, and one has to question whether the temperature ascribed to the growth process is perhaps considerably lower. At this point we are unable to clarify the discrepancy.
V. CONCLUSION
The structural and dynamical properties of silica nanoclusters were studied in MD simulations with Tsuneyuki et al.'s pair potential of interatom interaction. We showed that the clusters have a shell-like internal structure in a solid state, which significantly impacts the radial density profile. Temperature-induced structural transitions in the cluster shell structure at Tϭ1680 K were observed. This rearrangement was associated with change of the Si-O-Si angular distribution from a bimodal shape to a monomodal shape. The melting point phase transition was observed to be suppressed over the bulk value, and a size-dependent melting transition was observed. Cluster expansion and changes in density as a function of temperature were primarily due to changes in Si-Si interactions. We found that smaller clusters have a larger density and a higher internal pressure, which matches the Laplace-Young equation qualitatively and in magnitude. Most interesting was that the surface tension did not show any significant size-dependent effects over a range of cluster sizes of 72-1152 atoms.
With regard to particle formation and growth modeling, the diffusion coefficient plays a critical role in determining the primary particle size. At this time we are unable to rationalize the computed transport properties based on growth rates and the computed transport properties based on MD simulation.
